HNK-1 epitope is a cell-surface carbohydrate mediating various cell-cell or cell-substrate interactions. We found HNK-1 epitope in longitudinally arrayed ®bers in the subpopulation of the epaxial myotome, and hypaxial myoblasts migrating into the limb bud in the rat embryo. We next investigated the expression patterns of genes encoding two glucuronyltransferases (GlcAT-P, GlcAT-D) and sulfotransferase (Sul-T), which are required for biosynthesis of HNK-1 epitope. GlcAT-P gene was expressed in the non-migrating longitudinal ®bers, whereas GlcAT-D gene was expressed in the migrating myoblasts in the limb bud. Sul-T gene expression was ubiquitously observed in all these myogenic populations. Thus, differential expression of GlcAT genes may relate to the epaxial/hypaxial or migrating/non-migrating myoblast lineages. q
Results and discussion
HNK-1 antibody recognizes a carbohydrate epitope which is found on various cell surface glycoproteins and glycolipids and involved in cell-cell or cell-substrate interactions (Schachner and Martini, 1995) . HNK-1 epitope is localized in the neural crest cells in chick and rat embryos (BronnerFraser, 1986; Erickson et al., 1989) , and myogenic cells in the rat embryo (Bannerman et al., 1998) . Biosynthesis of HNK-1 epitope requires a glucuronyltransferase (GlcAT) and a sulfotransferase (Sul-T). Sul-T gene (Bakker et al., 1997) and two types of GlcAT genes, GlcAT-P (Terayama et al., 1997) and GlcAT-D (Shimoda et al., 1999; Seiki et al., 1999) , were cloned in the past few years. GlcAT-P has catalytic activity speci®cally on HNK-1 epitope on the glycoprotein, whereas GlcAT-D is active on both glycoprotein and glycolipid in vitro. In this study, we focus on localization patterns of HNK-1 epitope and GlcATs/Sul-T gene transcripts in rat myogenic progenitors.
On embryonic day (E) 11.5, HNK-1 epitope was observed in a subpopulation of myotomal cells (arrowhead in Fig. 1A ) and migrating myoblasts in the limb bud (open arrowheads in Fig. 1A ). The two GlcATs had mutually exclusive expression patterns within the myogenic lineages. GlcAT-P gene was expressed within the myotome (arrowheads in Fig. 1B) , whereas GlcAT-D gene was expressed in the migrating myoblasts in the limb bud (open arrowheads in Fig. 1C ).
Weak expression of Sul-T gene was observed ubiquitously in the embryo (Fig. 1D ), which was con®rmed by the complete absence of an in situ hybridization signal when Sul-T sense probe was used (Fig. 1E ). In the longitudinal sections, HNK-1 positive cells in the myotome formed longitudinally arrayed ®bers (Fig. 1F ). GlcAT-P mRNA was detected in an interrupted manner in the longitudinal sections; a focal expression was found in each somite (Fig.  1G ). To con®rm co-localization of HNK-1 epitope and GlcAT-P transcripts, double-staining with HNK-1 antibody and GlcAT-P antisense probe was performed, indicating that GlcAT-P transcripts were localized just on the longitudinal ®bers (Fig. 1H) . Therefore, HNK-1 epitope on the longitudinal ®bers is likely to be synthesized in the GlcAT-P positive cells. Double-staining for HNK-1 and GlcAT-D was also performed, and co-localization of HNK-1 epitope and GlcAT-D transcripts was con®rmed in the limb bud myoblasts as well as the dermatome (Fig. 1I,J) . In the E12.5 embryo, the longitudinal ®bers were more intensely stained by HNK-1 antibody (Fig. 1K) , while GlcAT-P gene expression in the longitudinal ®bers ceased by this stage (Fig. 1L) .
GlcAT-D gene expression in the limb bud myoblasts was also reduced (Fig. 1M) , but co-localization with HNK-1 staining was again observed (Fig. 1O) . Sul-T gene expression was not speci®cally detected in the myogenic populations (Fig. 1N) . HNK-1 epitope is seen in neural crest cells (Erickson et al., 1989; and our unpublished observation) , and a population of trunk neural crest cells migrate into the somite taking a ventrolateral pathway. To exclude a possibility that the cells in the HNK-1 positive longitudinal ®bers are derived from the trunk neural crest cells, we labeled crest cells using DiI in the rat whole embryo culture system. Some labeled crest cells were indeed very close to the longitudinal ®bers in the E11.5 embryo ( Fig. 2A) , but there was no overlapped staining for DiI and HNK-1 (Fig. 2B,C) . Double-staining of HNK-1 and Myf-5, an early marker for the myotome (Ott et al., 1991) , indicated that some cells within the longitudinal ®bers were double positive for both markers (Fig.  2D) , although other HNK-1 positive ®brous cells were Myf-5 negative. GlcAT-P positive cells, which synthesize HNK-1 epitope throughout the longitudinal ®bers, were completely included within the Myf-5 positive area (Fig. 2E) . Taken together, we concluded that the longitudinal ®bers are myotomal derivatives.
We further performed in situ hybridization with a probe for Pax-3 gene (Goulding et al., 1991) , a marker for limb bud myoblasts. Pax-3 transcripts were detected in the dorsal neural tube, dermomyotome and the migrating myogenic precursor cells in the limb bud (Fig. 2F,I ). Double-staining for HNK-1 and Pax-3 revealed that HNK-1 positive cells within the limb bud were also positive for Pax-3 transcripts in both E11.5 (Fig. 2G,H ) and E12.5 (Fig. 2J,K) embryos. These results strongly suggest that HNK-1/GlcAT-D positive cells in the limb bud are migrating myoblasts.
Differential expression of the two GlcAT genes may relate to epaxial/hypaxial myoblast lineages at the limb bud level (Ordahl and Williams, 1998) ; GlcAT-P was expressed in the longitudinal ®bers belonging to the epaxial myoblasts, whereas GlcAT-D transcripts were seen in the limb bud myoblasts belonging to the hypaxial ones. Taking into consideration that HNK-1 epitope is suggested to play an important role in migration of neural crest cells (BronnerFraser, 1987) , GlcAT-D positive myoblasts may also utilize HNK-1 epitope for their migration. Further functional studies are required addressing these points.
Materials and methods

Immunohistochemistry on sections
Sprague±Dawley (SD) rat embryos were ®xed in 4% paraformaldehyde at E11.5 and 12.5 and cryosectioned. The day of detection of the vaginal plug was designated E0. Immunostaining using HNK-1 (Becton Dickinson) and anti-Myf-5 (Santa Cruz) antibodies was performed as described previously (Lee et al., 1995; Osumi et al., 1997) .
In situ hybridization on sections
RNA probes for rat GlcAT-P, GlcAT-D and Sul-T genes were generated according to the previous descriptions (Shimoda et al., 1999) . Probes for Myf-5 and Pax-3 genes were provided from Dr Y. Nabeshima (Ott et al., 1991) and Dr T. Inoue (Goulding et al., 1991) , respectively. In situ hybridization with digoxygenin (DIG)-labeled RNA probes was performed as described previously (Shimoda et al., 1999; Ishii et al., 2000) . Double-staining of in situ hybridization and immunohistochemistry was also performed in several pairs of RNA probes and primary antibodies. In situ hybridization was executed ®rst, followed by immunostaining.
2.3. Rat whole embryo culture and DiI labeling of neural crest cells E10.0 SD rat embryos (3±8 somite stage) were cultured, and a small group of premigratory neural crest cells at the 2± 5 somite level were labeled by DiI (CM-DiI, Molecular Probes, Inc.) as described previously (Lee et al., 1995; Inoue et al., 2000) . The labeled embryos were ®xed after incubation for about 40 h (corresponding to E11.5 in vivo embryo). The immunolocalization of HNK-1 epitope was observed using FITC-labeled secondary antibody (Jackson ImmunoResearch Laboratories).
